Abstract. We empirically investigate potential determinants of the allowance price dynamics in the European Union Emission Trading Scheme during Phase II. In contrast to previous studies, we place particular emphasis on the fuel price selection. We show that results are extremely sensitive to choosing different price series of potential determinants, such as coal and gas prices. In general, only the influence of economic activity in Europe and hydropower provision in Norway is robustly explaining allowance price dynamics. The influence of fuel switching on allowance prices and, therefore, equalization of marginal abatement costs -in particular in the long run -is still rather small.
INTRODUCTION
In 2005, the European Union (EU) established its emission trading scheme (EU ETS) as a major pillar for reaching the European Kyoto targets in an efficient, cost-minimizing way. The EU ETS is a cap and trade scheme for CO 2 emission allowances (EUAs) that covers the CO 2 emissions of around 11,000 installations in the major energy intensive sectors of now 30 participating countries (EU member states, Iceland, Liechtenstein and Norway). By now the scheme has terminated its Phase II (2008 and entered its Phase III (2013 -2020 . Phase II EUA prices showed less volatility and jumps than Phase I (2005 Phase I ( -2007 EUA prices but still a significant downward trend to the end of the phase. EUA future trading for Phase III frequently took place during Phase II already, indicating that emission trading is perceived to remain an important instrument for emission control in the EU, irrespective of the future design of international climate mitigation.
Not surprisingly, several studies have been concerned with the efficiency and specifics of the market (see e.g. Zhang and Wei, 2010 and for an overview). The price dynamics of EUAs have been studied extensively against the background that, in theory, the allowance price should reflect marginal abatement costs (e.g. Montgomery, 1972) . One strand of literature investigates the influence of market observables on EUA price dynamics, focusing in particular on the role of fuel prices. Aside from any abatement considerations, switching between different fuels as a result of changing input prices is common practice for profit maximizing utility companies (Pettersson et al. 2013) . Due to the difference in the carbon content of fuels, fuel price variations should influence EUA prices variation as they make abatement either cheaper or more expensive. However, the empirical evidence on this connection is still rather poor or even inconclusive and at best explains some EUA price variations during certain periods. The main reasons brought forward are that the EU ETS is still a rather immature market, characterized by thin trading and rather high transaction costs, and that the underlying connection between marginal (fuel price related) abatement costs and EUA prices neglects the influence of uncertainty. An issue which has not yet received any attention is that almost none of the existing studies used the same price series for measuring the influence of fuel prices.
In this article, we put particular emphasis on this issue by selecting a broad set of coal and gas prices and by using auxiliary regression -following the specific-to-general approach of Herwartz (2010) -to detect which price series explains most of the EUA price variation. Furthermore, we control for the influence of weather variations and economic activity. In contrast to most of the existing literature, the former is not included by approximate measures to capture the influence of extreme cold or hot periods, but by including data on load values and on hydro and wind power provisions. This is to not only capture the influence on energy consumption but also on carbon-free energy provision. Finally, we investigate the implications of fuel price series selection on the potential to identify a long-term relationship between the fundamental influence factors.
One important finding is that the selection of fuel prices has indeed a significant impact on the results. While we find that the influence of gas prices is positive on EUA prices which would be in line with fuel switching induced abatement, so is also the influence of several coal prices which contradicts this idea. However, not all coal prices have a significant influence of the EUA prices. Not surprisingly, the selection of fuel prices influences also the possibility of detecting a stable long-term relationship (cointegration) among the variables. Even though the identification of a cointegration relationship is possible, our results support the view that an economically meaningful long-term relationship -based on the idea of equalization of marginal abatement costs and the EUA price -has not emerged during Phase II. Overall, we find that only economic activity and reservoir levels and therefore the potential for hydropower provision in Norway is robustly explaining EUA price dynamics. This suggest that approaches accounting for the uncertainty in emissions aside from abatement seem more suitable to explain EUA price dynamics, at least during some periods.
This article proceeds as follows. Section 2 explains in more detail the theoretical influence of short-term demand variations in particular due to changing fuel prices on EUA prices dynamics and provides a brief discussion of the existing empirical evidence. It also discusses different fuel prices and motivates more extensively why we believe that the choice of a certain fuel price for the empirical analysis does matter. Section 3 is devoted to the selection of fuel prices applying the approach of Herwartz (2010) . Section 4 presents the empirical results, including a cointegration analysis and a parsimonious model following the specific-to-general approach. Section 5 gives the conclusions.
PRICE DETERMINANTS IN THE EU ETS: THEORETICAL CONSIDERATIONS AND EMPIRICAL EVIDENCE
As in any other market, the EUA price is determined by supply and demand. The supply of EUAs is mainly determined by policy decisions on the emission cap and on linkages to other emission markets (e.g. the Kyoto permit market) or on banking and borrowing rules. In general, these decisions should predominantly determine the EUA price level. However, due to uncertainty, news regarding allocated allowances in member countries had immediate impacts on EUA prices even during the trading day (Conrad et al., 2012) .
Given the supply is fixed by political decisions, EUAs price variations should be mainly explained by demand variations resulting from changes in Business-asusual (BAU) emissions and in the abatement potential. BAU emissions are determined by economic activity and the energy-and carbon-intensity of the economy. Accordingly, the long-term abatement potential is influenced by investment decisions in low-carbon energy utilities and energy efficiency. However, these long-term implications are expected to become mostly evident in EUA price levels, but are a rather poor candidate to explain short-term price variations. Therefore, the empirical literature on observable influence factors for EUA price dynamics focuses in particular on switching between fuels with high and low carbon content as this has been identified as the main option for short-term abatement (e.g. Bunn and Fezzi, 2008; Christiansen et al., 2005; Kanen, 2006) .
Generally, fuel switching takes mainly place between coal and gas, and to some extent also oil. Fuel switching at the firm level can be realized in three ways: (i) utility companies usually own several plants and can change the dispatch order within their own plant portfolio; (ii) multi-fired plants whose share in Europeans fossil-fired power capacity considerably increased over the last few decades allow to easily switch between different fuels; and (iii) rather inexpensively oil plants can be converted to burn gas and coal plants can be converted to burn oil and gas (Pettersson et al., 2013) . Using data from eight European countries from 1978 to 2004, Pettersson et al. (2013) show that fuel switching as a result of changing input prices takes place by all three mechanisms, in particular in countries with a high share of generation from oil, gas and hard coal. Note that fuel switching is not only motivated by the change in electricity generation costs but also by the opportunity costs of selling the corresponding fuel instead of using it for electricity production (i.e. by either physically selling it or liquidating the corresponding position).
1 Concerning abatement, switching for example, from coal to natural gas, reduces CO 2 emissions per MWh by between 40 and 60 per cent (depending on plant efficiency) and variations in the fuel prices should, therefore, be reflected in variations in EUA prices (Delarue et al., 2010) . The fuel switching price indicates the EUA price at which a power producer is indifferent between using either coal or gas for producing electricity. It is increasing in the gas price and decreasing in the coal price. For example, if the gas price increases (and hence the fuel switching price), power producers would switch to coal. The resulting additional emissions would lead to a higher demand for EUAs and, therefore, a higher allowance price.
1. We are grateful to an anonymous reviewer in pointing this out.
A positive influence of both the gas and the oil price on the EUA price has been identified during Phase I (e.g. Alberola et al., 2008; Hintermann, 2010; Mansanet-Bataller et al., 2007; Rickels et al., 2007) .
2 With respect to the oil price, it remains unclear if this can be attributed to the fuel switching effect, to the correlation between the oil and gas price, or rather to the correlation between the oil price and economic activity. The studies disagree on the influence of the coal price. While Mansanet-Bataller et al. (2007) and Hintermann (2010) find no influence of the coal price, Rickels et al. (2007) and Alberola et al. (2008) find a negative influence. Including data until mid-2010, Aatola et al. (2013) and Lutz et al. (2013) find a positive influence for the gas price and a negative influence for the coal price at least during some periods while in other periods the EUA dynamics are mostly influenced by uncertainty. Bredin and Muckley (2011) applying data until the end of Creti et al. (2012) until the end of 2010 even find a cointegration relationship between EUA prices and the fuel prices or the fuel switching price emerging during Phase II, respectively. This is not only surprising because the market regained its long position already in the middle of Phase II putting into question a meaningful long-term relationship based on marginal abatement costs considerations but also because the EU ETS can still be viewed as a rather new and immature market. The identified long-term relationship might thus be statistically significant but not economically (Kr€ amer, 2012) . Nevertheless, all studies vary in the extent to which the fuel prices explain EUA price variations and a statistically significant fuel switching price could result from a significant coal price variation, gas price variation, or a combination of both.
The rather poor, inconclusive, or surprising results on the influence of fuel prices on EUA prices dynamics might be explained by the underlying deterministic view of the allowance market. In reality, decisions of market participants are realized under uncertainty. The effort to achieve compliance with the emission cap is not only determined by current BAU emissions but by cumulative BAU emissions. These are stochastic because of unforeseen demand variations and changing expectations about cumulative emissions might therefore be crucial for EUA price dynamics. Increasing (future) fuel prices could therefore also indicate expectations for stronger economic growth which in turn would also imply higher BAU emissions. Therefore, due to higher expected BAU emissions, higher EUA prices would be in line with higher fuel prices, irrespective of the carbon content of the fuels. Facing uncertain and potentially higher BAU emissions, holding EUAs increases the flexibility to adapt to market conditions and provides the holder with an option value (e.g. Chao and Wilson, 1993; Chesney and Taschini, 2012; Hintermann, 2012; Seifert et al., 2008) . Consequently, the EUA price should exceed the marginal abatement costs by the option value, making not only the EUA price a poor indicator for marginal abatement costs (Carmona et al., 2009 ) but also weakening the linkage between the fuel switching price and the EUA price. For that reason, increasing EUA prices could also be an indicator for increasing uncertainty, irrespective of the fuel price-induced change in abatement costs. Hintermann (2012) shows for Phase I that a (financial) option approach seems to describe the price dynamics in Phase I much better than the 2. Hintermann (2010) does not include the oil price. equalization of marginal abatement costs. Option value-based empirical approaches to explain the price dynamics during Phase II do not yet exist. However, regime switching models covering also partially Phase II indicate that during some periods the influence of uncertainty may have dominated the price dynamics, while in other periods the influence of observable factors like fuel price variations have dominated (Chevallier, 2011 and Lutz et al., 2013) .
Another more technically motivated aspect has so far not been addressed in the discussion about fuel prices. Almost no study uses the same set of price series in explaining the influence of fuel prices on EUA prices. For example, MansanetBataller et al. (2007) use the European Carbon Index to reflect the price level of over-the-counter (OTC) forward EUA trading; Alberola et al. (2008) use the EUA spot price negotiated at the Powernext Carbon; Rickels et al. (2007) and Hintermann (2010) use the OTC price series for spot trading provided by Point Carbon. A similar situation can be observed for the coal and gas price series used.
Certainly, arbitrage considerations should prevent significant spreads between fuel prices across Europe. However, there are sufficient variations in first-order price differences so that the results of time series models can be affected. Take for example coal prices. Several studies on the determinants of the EUA price rely on a coal price closely related on the Argus/McCloskey's Coal Price API2 CIF ARA 3 (e.g. Bredin and Muckley, 2011; Creti et al., 2012; Hintermann, 2010; Mansanet-Bataller et al., 2007) , which is often regarded as the primary reference coal price for northwest Europe. But since EU ETS countries import coal from all over the world it is likely that prices for each single trade differ significantly. In 2011, Germany, for example, imported 25 per cent of its hard coal from Columbia, 24 per cent from Russia, 23 per cent from the United States and Canada, 10 per cent from Australia, 9 per cent from Poland and 6 per cent from South Africa (Eurostat); all at different prices. In fact, it can be argued that the coal market is characterized by a significant lack of transparency and segmentation so that no unique coal price exists (Zaklan et al., 2012) . Even though it is true that almost all coal derivatives are priced and settled against the API2 and API4 price index (Schernikau, 2010) , Zaklan et al. (2012) point out that steam coal is not a standardized commodity because it varies with respect to its heat value or moisture content. While Intercontinental Exchange (ICE)-traded future contracts, which are priced against the API2, are standardized with respect to the heat value, this is probably not the case for the various OTC trades. Furthermore, Schernikau (2010) questions the reliability of the API2 index observing that 'it has been impossible to buy physically delivered coal in Europe at prevailing API2 prices ' between 2006 and 2008 (p. 156) . He shows that there is a significant gap between the API2 price series (CIF delivery to the Amsterdam-RotterdamAntwerp (ARA) region) and the coal price FOB at Richards Bay (API4) plus the prevailing freight rate, and that this price gap could not be explained by market participants.
Consequently, Zaklan et al. (2012) emphasize that even though the coal market 'is gradually moving from a segmented OTC dominated activity to a higher degree of […] international integration, a truly integrated single-world coal market has yet to be achieved' (p. 106). Accordingly, it is unlikely that we can choose the correct coal price faced by power utilities when they decide on fuel switching. This concern is amplified by the fact that we are unable to choose the correct maturity of future prices because we do not know anything about the timing of fuel switching decisions nor whether this fuel price if effective for decisions of all areas of Europe. Not surprisingly, market observers and researchers like CDC climate research or Point Carbon publish for example different fuel switching prices, for Germany or the United Kingdom. For these reasons, we devote specific attention to the selection of fuel prices.
In addition, we consider economic activity and weather variation, which are expected to influence EUA prices through their influence on BAU emissions. The argument for economic activity is straightforward and was already addressed above. Weather variations are important as they should influence electricity demand and the generation of renewable energy: (i) extreme temperatures, that is, more heating or cooling degree days can affect electricity demand of households (e.g. Considine, 2000) ; (ii) precipitation determines reservoir levels for hydropower generation, which constitutes a significant share in power production especially in Nordic countries (ranging from about 50 in Sweden to almost 100 per cent Norway); (c) wind speed and solar radiation influences the supply of wind power and solar power respectively.
Previous studies on the influence of weather variations mainly focused on the effect on additional heating and cooling, confirming that extreme weather events explain some variations in EUA prices during Phase I. The studies follow different approaches for capturing the non-linear relationship between temperature and energy demand. Mansanet-Bataller et al. (2007) and Alberola et al. (2008) construct dummy variables for extremely hot and cold days, Rickels et al. (2007) and Hintermann (2010) use the deviation on extremely hot and cold days from the longtime average. In addition, Alberola et al. (2008) also include interactions of dummy variables for extreme weather events and the deviations from their longtime averages. Hintermann (2010) includes weather variables in a nonlinear manner by using interactions of weather variables and fuel prices. The role of weather variations for the provision of renewable energies is only poorly investigated. One exemption is the study of Hintermann (2012) who finds a negative influence of higher reservoir levels on EUA prices. The effect of weather variations on wind-and solar power provision has not yet been investigated.
The capacity of wind-and solar power increased rapidly over the past decade, for example, wind power capacity accounted for 16 per cent in 2010 (and even 39 per cent in 2009), and solar photovoltaics for 23 per cent of newly installed European power generating capacity in 2010 (J€ ager-Waldau, 2012; Wilkes and Moccia, 2010) . In particular, their contribution to peak load and, therefore, spot electricity provision has rapidly increased. In fact, spot electricity prices even became negative for some hours during the last two years due to very favorable weather conditions (Beneking, 2010) .
The question whether electricity prices should be included in an analysis of EUA prices is controversial. The issue of regional variation in prices already mentioned above is even more pronounced for electricity prices, which show a significant lower correlation than gas or coal prices (Bobinait _ e et al., 2006) . Consequently, explaining EUA price variation by including a regional electricity price, as done for example by Alberola et al. (2008) , might result in spurious results. Including the electricity price might also weaken the theoretical foundation because there seems to be a two-way relationship between electricity price and EUA price as indicated by Bunn and Fezzi (2008) and Fell (2010) who both account for the regional scope of the various electricity prices by analyzing the market in the United Kingdom and in the Nordic countries respectively. When including the electricity price, the EUA price thus cannot be treated as the only endogenous variable. While Bredin and Muckley (2011) confirm that a long-term relationship between the electricity price and the EUA price established during Phase II, 4 this result should be interpreted with caution because their analysis is not restricted to a regional electricity market. As our focus lies on the explanation of EUA price dynamics and not on the interaction of EUA prices with other market fundamentals in a regional market, we will not consider the electricity price in the analysis below.
DATA SELECTION AND ANALYSIS

EU emission allowances
Emission allowances are traded OTC and on spot and future markets. Although OTC trades are mainly operated by brokers, spot and future trades take place on several stock exchanges. Prominent stock exchanges across Europe are the Intercontinental Exchange Futures Europe (ICE) in London, United Kingdom, the European Energy Exchange (EEX) in Leipzig, Germany, or the NASDAQ OMX Commodities Europe in Oslo, Norway (formally called Nordpool). In addition, EUA spot and future trades take place on international stock exchanges like GreenX Exchange listed on the GME Globex electronic platform or BlueNext. During Phase II the ICE became the most important trading platform.
In Phase II, trade via the exchange has become the most liquid market while in Phase I this was claimed for the OTC market (Alberola et al., 2008) . Accordingly, previous studies on Phase I EUA price dynamics use data from BlueNext (e.g. Alberola et al., 2008; Daskalakis et al., 2009) or data from OTC trades (e.g. Benz and Tr€ uck, 2009; Hintermann, 2010 Hintermann, , 2012 . One exemption is the study by Mansanet-Bataller et al. (2007) that used the Carbix Index by the EEX, which was named at that time the European Carbon Index (see EEX, 2012 for details). Recent studies extending into Phase II use data from the ICE (e.g. Bredin and Muckley, 2011; Conrad et al., 2012; Creti et al., 2012) . ICE price data are also used in regular market reports like the Carbon Market Daily by Point Carbon (Allan et al., 2012) or the Tendances Carbone monthly bulletin on the European Carbon Market (Stephan, 2012) .
Relying on the trading volumes, the continuity of the price series, and its dominant application in the literature, we will in our analysis use EUA future price series from the ICE, choosing the rolling future price series (with maturity at the end of the year implying that, in December, the maturity switches to the following year (RFut Dec0812).
Fuel switching: coal and gas prices
For the selection of the dependent variables and in particular the coal and gas prices we follow a more systematic approach. First, we collect a broad spectrum of available price and obtain first insights by simple correlation analysis. Second, we run single-equation regression with EUA prices explained by a constant and use the resulting residual series as to be explained by the exogenous fuel price variables following the approach of Herwartz (2010) . This allows us to detect which fuel price series explains most of the EUA price variations. Later, we will also use this approach iteratively to develop the parsimonious model to explain short-term dynamics in Section 4. Doing so, we iteratively repeat the procedure of estimating regressions by including additional explanatory variables until the explanation of variation in the residual series fails to meet a certain selection criteria based on a LM statistic. Note that the EUA price series shows significant heteroskedasticity and accordingly the LM statistic obtained from such an auxiliary regression might be no longer exact. However, as for example the coal price should only be represented by one price series, the maximum explanation of variation is a sufficient selection criterion.
5 Details about the abbreviations of the various price series used are listed in Table A1 in the Appendix.
To analyze whether the price series follow a common trend (which seems to be the case at least for coal prices -see also Warrel, 2006; Li et al., 2010; Zaklan et al., 2012) we calculate correlations in levels and log differences. 6 In line with efficient market hypothesis, the various coal price levels are almost perfectly correlated, leaving therefore no possibilities for arbitrage. The correlation in log differences paints a different picture: in particular the ICE API2 CIF ARA Index is relatively weakly correlated with the other price series (0.15 < q < 0.66).
For gas, already the correlation in levels is lower, though mostly still above 0.8. Only the ICE UK 1S index has a lower correlation with most other price series. Correlation in log differences is also lower for gas than for coal. In particular the APX TTF IND Index and the ICE UK 1S Index are relatively weakly correlated with the other price series (0.05 < q < 0.69). Consequently, the available fuel prices can be expected to explain different aspects of the EUA price variations. The results of the auxiliary regression are shown in Table 1 where we use NeweyWest based determination for the coefficient covariance matrix to deal with heteroskedasticity in the data.
The results show that an increase in coal prices is in most cases associated with an increase in EUA prices. In two cases, the effect is insignificant, yet with a positive point estimate. Our guiding principles for variable selection would require us to pick the coal price with the highest explanatory power, that is, the DL ICE API2 RO 1S (one season ahead, Rotterdam, priced against API2, traded on ICE). Yet, we also include a non-significant coal price series, DL ICE API2 ARA Ind that does not contradict what should follow from fuel switching. Further-5. We are grateful to Helmut Herwartz for pointing this out. 6. Detailed results on price trends in correlations in levels and differences are available on request. more, according to the literature, the ICE API2 ARA Ind reflects the European coal price best.
For gas prices, the price series with significant influence are in line with theory about fuel switching. However, the maturity has a different influence in the German and the UK gas market which obviously differ. Although for both delivery points in Germany, Gaspool and NCG, the degree of explained variation in the EUA price residual increases with maturity, the opposite is true for the United Kingdom market. Here, the degree of explained variation decreases with maturity and the future price series for one season ahead is even insignificant. The auxiliary regression suggests using the future gas price series negotiated at the EEX with delivery in the Gaspool net 1 year ahead for explaining the EUA prices (EEX Gaspool 1Y). We also use the future gas price series with maturity 1 month and delivery at the national balancing point in the United Kingdom (ICE UK 1M) to account for possible differences between the continental and United Kingdom gas market.
However, fuel switching should be influenced by the relation of the coal to the gas price. An equivalent increase in both prices should leave the fuel price unaffected and could, therefore, be observed in combination with both increasing and decreasing EUA prices, depending on the influence of economic activity a indicates first-order log differences. ***, ** and * indicate significance at the 1, 5 and 10 per cent level respectively. Bold text is used to indicate the selected fuel prices.
in the EU on world fuel prices. The fuel switching price can be represented by (Tendances Carbone, 2007) :
where Pi represents the fuel price, h i the inverse of the heating rate and e i the emission factor. Note that no unique fuel switching price exists. As already pointed out, the gas market shows regional variation between Germany and the United Kingdom and accordingly different fuel switching prices are calculated for the United Kingdom and Germany (Tendances Carbone, 2012) . Moreover, the fuel switching price varies with plant efficiency so that different heating rates can be applied to indicate how much of the theoretical energy can be converted into power. 7 Point Carbon, for example, reports three different fuel switching prices with different assumptions about the transformation efficiency (see www.pointcarbon.com).
8
Following Creti et al. (2012) we calculate four fuel switching prices from the selected gas and coal prices and assume identical heating rates and emission factors. 9 In addition, we include the United Kingdom fuel switching price based on front summer contracts provided by Point Carbon from December 30th, 2008 onward based on average heating rates. The correlation analysis shows a similar picture as for coal and gas prices: high correlation in levels which significantly reduce in log differences.
10 This is illustrated in Figure 1 , which displays the 7. We are grateful to an anonymous reviewer in pointing this out. 8. Point Carbon calculates an average, high and low fuel price scenario, assuming coal and gas plant efficiencies of 0.36 and 0.50 (average), 0.40 and 0.46 (high) and 0.34 and 0.56 (low) respectively. 9. The plant efficiency or the inverse of the heating rate and the emission factors are: h coal = 0.36, h gas = 0.5, e coal = 0.86 and e gas = 0.36. 10. These results are available on request.
price series for the fuel switching price obtained from Point Carbon and the calculated fuel switching prices based on the gas prices either from ICE 1 month ahead with delivery to Rotterdam or from EEX 1 year ahead with delivery to Gaspool and the coal price from the ICE one season ahead with delivery to Rotterdam. We do not show the two remaining fuel prices which result from combining the two gas prices with the coal price from the ICE API2 CIF ARA as there are only marginal differences to the first coal price.
Differences in levels between the fuel switching price from Point Carbon and our calculated prices can partly be explained by different assumptions about the plant efficiency. However, such differences in levels should not affect the results as explained above. More interestingly the figure indicates that there are obvious differences in volatility and curvature of the different fuel switching prices and therefore different explanatory power for EUA price dynamics. Again, we run auxiliary regressions on the residual of EUA prices with the various fuel switching prices as explanatory variables. The results are shown in Table 2 .
All fuel switching prices have the expected sign, indicating that the combined influence of both prices supports the idea of fuel switching. The largest fraction of variation is explained by the fuel price resulting from the price for gas delivered to the Gaspool net, negotiated 1 year ahead at the EEX and the API2 Coal Price, negotiated at the ICE. Note that this coal price was insignificant in the single-equation estimation (Table 1 ). The gas prices used in the fuel switching price explain a larger fraction of variation in their single-equation estimation (see Table 1 ) than in combination with the coal prices. Therefore, it is not surprising that the fuel switching price with the insignificant coal price has the largest R 2 because the combination with this coal prices dampens its explanatory power only marginally. Accordingly, the significant influence of the fuel switching price is explained by the significant influence of the gas price and its contribution in explaining EUA price dynamics is very sensitive to the selected gas and coal prices.
Energy consumption: Economic activity and renewable energy
To capture the influence of economic activity on the EUA price, we include (1) an equity index, also capturing general market disturbances such as the financial crisis (Creti et al., 2012) ; and (2) the oil price as a further indicator for economic activity. Even though we do not expect an influence of the oil price on EUA prices due to fuel switching (because the fraction of oil-based power generation is very small), most other authors have also included the oil price either as indicator for economic activity or for the future gas price. As equity index we take the Dow Jones Euro Stoxx 50 that is considered to be Europe's leading stock index comprising the 50 largest listed European companies, and as oil price the ICE Brent future price index (Bredin and Muckley, 2011; Creti et al., 2012) .
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Instead of constructing approximate measures for energy consumption resulting from extreme temperatures (dummy variables), we follow Hintermann (2012) and use data on load values which correspond to electricity demand at that specific point in time plus losses. 12 The data are provided by the European Network of Transmission System Operators for Electricity (entsoe).
13 Our data range from 1 January 2008 until 30 April 2012 and include Austria, Czech Republic, Germany, Spain, France and Italy. Naturally, the data series shows a significant seasonal pattern. To smooth the series, we regress the aggregated log load values on a constant and three season dummies and henceforth use the residual series of this regression as explanatory variable. Table 3 provides the results of the auxiliary regressions and shows the individual influence of our proxies for energy demand on EUA prices. Both the DJ Eurostoxx 50 and the oil price have a significant positive influence on EUA price dynamics. The DJ Eurostoxx 50 alone already explains a rather significant part of the variation in EUA prices. The seasonality-adjusted load values do not have a significant influence on the EUA prices.
To account for the influence of weather variations on renewable energy provisions we collected data on the daily renewable feed-in across Europe. The data entail daily wind power feed-in in Germany, Denmark and Sweden, 14 and daily hydro power feed-in in Sweden and France.
15 Furthermore, we use daily power generation in Norway as a proxy for Norwegian hydro power feed-in because about 99 per cent of Norway's total power production is generated by hydropower. 16 Available data on solar energy (from Spain, Italy and Germany) do not 11. The two series have low correlation (0.1693), but show some similarities in their volatility patterns and accordingly have in log differences a correlation of 0.3387. 12. We are grateful to an anonymous reviewer in pointing this out. 13. https://www.entsoe.eu/resources/data-portal/consumption/ 14. We obtain this data from the EEX, Energinet-DK and Svenska Kraftn€ at respectively. 15. We obtain this data from Svenska Kraftn€ at and RTE respectively. 16. http://www.regjeringen.no/en/dep/oed/Subject/Energy-in-Norway/Electricity-generation.html? id=440487 cover the entire period of analysis and could thus not be included. We estimated single-equation regressions of the log daily feed-in of renewable energy on the residuals of EUA prices to check for their individual influence. We also used both the deviation from the mean feed-in and dummies indicating whether the realization lies in the highest or lowest decile. 17 Aside from effects from (i) low wind power provision in Sweden and (ii) low hydro power provision in France, renewable energy provision did not have any significant influence on EUA prices.
Finally, we included data on reservoir levels in Norway, France and Spain. The data are expressed as current filling relative to maximum capacity. With the exception of Spain, these data are only available on a weekly basis and accordingly we test their influence on average weekly EUA prices. We use the residuals from a regression with a constant and season dummies for filling rates to investigate their influence on EUA price residuals. The results show that only the relative share of reservoir levels in Norway has a significant negative influence on EUA price dynamics (see Table 4 ).
EMPIRICAL INFLUENCE OF OBSERVABLE INFLUENCE FACTORS ON EUA PRICES
In our cointegration analysis we test for various combinations of gas and coal prices as preselected in Section 3.2. We also include the various combinations of these coal and gas prices as fuel switching prices. Furthermore, as explained above, we use rolling future EUA price from the ICE, the oil price (Brent oil, delivery in 1 month, negotiated at the ICE) and the DJ Eurostoxx 50 Index. All price series are in logs and the optimal number of lags is determined by the Akaike Info Criterion. Only in the specification where the fuel switching price from Point Carbon is used, the analysis is in levels because this price series includes some negative entries. We apply two tests to identify whether a long-term stationary relationship exists among the I(1) variables: the Johansen Trace test and the Saikkonen and L€ utkepohl test (Johansen 1998; Saikkonen and L€ utkepohl 2000) . 18 For completeness, we consider three cases: (i) the presence of only a constant; (ii) the presence of a trend which is assumed to be orthogonal to the error correction term; and (iii) the presence of a simple linear trend. Among the price series considered for the cointegration relationship, the EUA price, the oil price and the DJ Eurostoxx 50 Index series Notes: ***,** and * indicate significance at the 1, 5 and 10 per cent level respectively.
17. Detailed information on the results of these auxiliary regressions are available on request. 18. For a detailed description of the tests and procedure see Kr€ atzig (2004, 2005) and the supplementary material for the Jmulti software (www.jmulti.de).
are characterized by trends, whereas the gas and coal price series have no significant trend (except the 1 month ahead gas price with delivery to the National Balancing Point in the United Kingdom, which has a trend at the 10 per cent significance level). The specification with a trend, which is orthogonal to the error correction term, seems to be the most reasonable one, as there are obvious trends among the variables. Table 5 shows the results of the cointegration tests. It is thus possible to identify statistically significant cointegration relationships, but in strong dependence of the selected price series. While the price for gas delivered to the United Kingdom has up to two cointegration relationships, the price for gas delivered to Germany (explaining the largest fraction of variation in the auxiliary pretest regressions) has at most one cointegration relationship. At a 5 per cent significance level, we need to account for at least one cointegration relationship when using gas delivered to United Kingdom.
Combing the gas and coal prices to directly test for the influence of fuel switching removes the cointegration relationship. Consequently, we cannot confirm the result of Creti et al. (2012) who do find a cointegration relationship if they include the fuel switching price in Phase II. In this regard, it remains to be discussed if structural breaks should be included in the test. On one hand one can argue that the financial crisis induced a structural break in all markets -also commodities markets such as the ones for gas, coal, or EUAs. On the other hand, this effect is captured by the inclusion of variables representing economic activity (e.g. DJ Eurostoxx 50). Moreover, the EUA price series did not show a significant structural decrease in the direct aftermath of the Lehman bankruptcy, but mainly at the end of 2008. Accordingly, including a break at the end of the year 2008 results in a cointegration relationship with fuel switching prices.
19 However, the inclusion of breakpoints is questionable as one runs the risk of splitting the observations in small pieces, which allows identifying cointegration but simultaneously undermines the theoretical reasoning for a stable long-term relationship. In the following, we do not consider breakpoints for Phase II.
Even though the results of Table 5 put into question whether a robust cointegration relationship exists among the observable influence factors for the EUA price, we continue our analysis with the estimation of the long-run relationships. Here, we focus on the gas price with delivery to the United Kingdom and for both coal prices (ARA and Rotterdam) because the Saikkonen-L€ utkepohl test did not indicate cointegration for the other variables. For sake of completeness, we also estimate the long-run relationship when the fuel switching price is included, again only using the fuel price based on the gas price with delivery to the United Kingdom, as this is the most likely case to have a cointegration relationship. We apply the dynamic ordinary least square (DOLS) method because the t-values obtained from standard OLS are upward biased and not reliable for identifying interference of the cointegration vector (Hamilton, 1994 ).
20 Table 6 shows the results. We also performed the estimation based on averaged weakly data, but there were almost no differences. Contrary to the single-equation regression in Section 3, coal prices (API2 ARA) have a significant influence. However, both the influence of coal and gas prices contradicts the theory about fuel switching: an increase in the coal (gas) price is associated with an increase (decrease) in the EUA price. Combining them into the fuel switching price results in a small positive influence on the EUA price as it was found by Creti et al. (2012) in the long-term relationship, and as is predicted by theory. The oil price has a negative impact, which also contradicts economic theory if this price is considered as a proxy for economic activity. The influence of the DJ Eurostoxx Index 50 (economic activity) is positive as predicted.
In general, the results support the view that an economically meaningful long-term relationship among observable influence factors has not emerged in the EU ETS during Phase II. For that reason we do not discuss the results of the corresponding Vector Error Correction Model, 22 but turn directly to the estimation of the combined effect of the various exogenous variables without considering a long-term relationship. For this purpose we use the specific-to-general approach as suggested by Herwartz (2010) , using the degree of explanation of the EUA price residual to select the explanatory variable. In contrast to the approach in Section 3, the fuel switching price is included by assumption so that the first residual series is obtained by regressing the fuel switching price and a constant on EUA prices. The results of the parsimonious model for daily and weekly data are shown in Table 7 .
The results confirm our single-equation regression results in Section 3. Both specifications of the fuel switching price have a positive influence on the EUA price, even though the size of their influence is very different. The DJ Eurostoxx 50 index has a significant positive influence in every specification. Also the seasonally adjusted residual series of hydro-reservoir filling in Norway has a robust negative influence, as one would expect. In contrast, hydropower provision in France has the "wrong" sign from a theoretical point of view.
DISCUSSION AND CONCLUSION
In contrast to the existing studies on the influence of observables on EUA price dynamics, we put particular emphasis on the importance of price variable selec- 22. The results on the VECM with coal and gas prices on a daily basis are available on request.
tion. In most empirical studies, only one price is chosen to represent, for example, the influence of coal price fluctuations. In reality, however, there exists a large number of coal prices, for example, at different maturities, trading places and places of origin and it is far from clear which price is relevant for fuelswitching decisions. Indeed, as pointed out by Schernikau (2010) and Zaklan et al. (2012) , it is rather unlikely that one unique price will reflect the coal price across Europe. Running auxiliary single regressions to identify which price series explains variation in EUA prices best, we show that the various fuel price series have very different explanatory power for EUA prices. This contributes to explaining the mixed empirical results about the impact of fuel prices and fuel switching for Phase I because all authors chose different price series.
In our preliminary analysis, we find weak evidence for an impact of fuel switching on EUA prices, even though its explanatory contribution is limited. As pointed out by Delarue et al. (2010) the relationship between the fuel prices and abatement is much more complex and cannot be observed by just looking at price series. They argue that fuel switching is evident -but only during some hours over the day and might no longer be observed in daily aggregated data. This holds in particular true if observation is amplified by identifying the actual price being relevant in the decision of the operator on switching between fuels.
Our auxiliary regressions show a significant influence of economic activity as measured the Dow Jones Eurostoxx 50 Index and the oil price. Load values, which we use to capture the impact of weather conditions, do not have a significant influence on EUA prices. It seems that variations in load are either well planned by power utilities, or that the relevant variation in load values has been smoothed out by our aggregation.
We do not find strong evidence for the influence of renewables on EUA prices, either, except for the influence of reservoir levels in Norway. However, with respect to daily hydropower provision we find some evidence for results opposing theory, that is, hydropower in France being associated with a EUA price increase. This could, again, be explained by regional interactions which cannot be observed at the aggregate level. Also, hydropower provision is influenced by weather variations through the resulting reservoir levels, that is, the potential of hydropower provision. Actual hydropower provision is then determined by the decision of producers to which extent this potential is used. Hydropower provision might thus also indicate unforeseen demand peaks due to energy-demanding weather conditions across Europe. So, while France increases its hydropower production, other countries increase their coal-based electricity production, which is then reflected in higher EUA prices. In fact, hydropower provision in France is positively correlated with the coal price, and hydropower provision in Sweden is positively correlated with the gas price. Using reservoir level and therefore information about the potential, instead of hydropower provision results in EUA price dynamics as theory predicts. Overall, it seems that the impact of renewables should be investigated at the regional level rather than on the EU level.
Another reason for the poor influence of temperature induced electricity demand variations and the daily provision of renewable energy on EUA prices might be the introduction of banking from Phase II onward. This possibility also introduced the possibility of 'quasi-borrowing' which means that the planned amount of banked allowances is reduced. The institutional change in the EU ETS with respect to banking is therefore expected to reduce or even eliminate the effect of mean-reverting shocks which would be in line with partially significant influence of these shocks during Phase I and the insignificant influence during Phase II.
23
Our analysis of cointegration relationships delivers mixed results. We show that cointegration relationships exist, but that they depend strongly on the fuel price series selected (e.g. gas prices for delivery to United Kingdom vs. delivery to Germany). Moreover, the relationships contradict the idea of fuel switching as coal prices show a positive relationship with EUA prices, while gas prices show a negative relationship. Consequently, evidence for a long run and in particular economically meaningful relationship between the fuel switching price and EUA price is very weak.
In summary, only the influence of economic activity and reservoir levels and, therefore, the potential for hydropower provision in Norway is robustly explaining EUA price dynamics. The influence of fuel switching on EU price dynamics and therefore equalization of marginal abatement costs -in particular in the long runis still rather small. In fact, this conclusion is supported by a survey carried out among German installations (Heindl and L€ oschel, 2012) . The survey revealed that abatement activities up to the year 2011 were mostly based on process optimization and in energy efficiency improvements whereas only 26 per cent indicated to have used fuel-switching for abatement purposes. The survey also reveals that only a minority of firms is involved in active trading, implying that abatement activities like fuel switching are not necessarily reflected in EUA prices.
Altogether these findings support the view that is difficult to reveal the interference from abatement decisions from daily data like fuel prices. Avenues for further research could be to focus not on daily variations in fuel prices but to focus on large shocks in fuel prices as these are more likely to be observed in EUA price variations.
24 Furthermore, more attention should be devoted to uncertainty and accordingly the expectations of market participants. Increasing fuel and therefore also coal prices can be viewed as an indicator for increasing eco-23. We are grateful to Beat Hinterman for providing this additional explanation. 24. We are grateful to an anonymous reviewer in pointing out this possibility for further research.
nomic activity which in turn increases expected BAU emissions and therefore the potential expected necessary abatement to meet the emission cap. Higher reservoir levels increase the potential to provide carbon-free energy and therefore lower the expectations about the necessary abatement. Consequently, application of option value models (Hintermann, 2012) to account for the option value of holding an EUA or regime switching models (e.g. Lutz et al., 2013) to account for market periods where observable market fundamentals and market periods where uncertainty dominates EUA price variations seem to be promising candidates for future research. Intercontinental Exchange future prices with maturity at the end of Phase II ICE Dec0812
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